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Representative Elementary Volume (REV). The later assumption has
been questioned, which leads to the consideration of non local equilib
rium models,11 in which the mean vapor pressure in a REV during the
dynamic drying process is less than the equilibrium vapor pressure
corresponding to the desorption isotherm. Another important issue
lies in the transport mechanisms occurring in the pore space during
drying. Since these mechanisms are actually lumped into the non
linear effective diffusion coefficient, it is practically impossible to delin
eate the various mechanisms at play from the experimental identifica
tion of this coefficient. The liquid flow driven by the capillary pressure
and the diffusion of the vapor in the gas phase are the most frequently
evoked mechanisms. However, the model proposed in Ref. 6 puts a
strong emphasis of the impact of the bound water,12 i.e , the transport
in the very thin liquid films adsorbed on the pore walls. On the other
hand, the bound water transport mechanism is not mentioned in Refs.
9 and 10 and most macroscopic models,1 where the dominant trans
port mechanism in the gas occupied region is vapor diffusion.
Insights on the mechanisms at play can be expected from the
expanding field of nanofluidics. For instance, some of the experiments
reported in Ref. 13 in 20 30nm slits were consistent with the classical
picture of a receding meniscus driven by diffusion (as indicated by the
reported classical L/ t
p
behavior, where L is the evaporation length,
i.e , the distance between the entrance of the slit and the receding
meniscus position in the slit). However, the variation of L is found
faster that when only pure vapor diffusion is considered. Film flows
are then invoked to explain the discrepancy. At first glance, this could
be seen as an experimental confirmation of the considerations made in
Ref. 6, where both the vapor diffusion transport and the bound water
flow are considered as significant transport mechanisms in the pores
invaded in the bulk by the gas phase. However, it is known that the slit
geometry favors the formation of important corner films14 driven by
capillarity rather than the disjoining pressure as for the bound water.
It is well established that corner films can strongly enhance the evapo
ration.15,16 In other words, it cannot be readily deduced from the
experiments reported in Ref. 13 that the bound water transport repre
sents a significant transport mechanism compared to vapor diffusion.
Nevertheless, it seems clear that the significance of the transport in
thin films must be assessed. Additional interesting information is given
from the nanofluidics studies. Under certain circumstances, the drying
process is different from the classical receding menisci picture because
of the occurrence of cavitation.13,17 This leads to a completely different
evolution of the phase distribution in the medium. In what follows,
the cavitation scenario is not addressed and the classical receding
menisci scenario is considered.
The aforementioned short review clearly indicates that the mech
anisms at play during the dynamic drying of mesoporous materials are
still to be fully clarified and can present important differences com
pared to the case of macroporous materials. Since the relative signifi
cance of the various mechanisms is difficult to assess from the
macroscopic models, modeling at the pore scale is considered. In the
porous media literature, various techniques are used to simulate trans
port phenomena at the pore scale. If one disregards the molecular
dynamics simulations, which only apply to a few pores over very short
time scales, the two main approaches are the direct simulations, e.g.,
Ref. 18 and the pore network modeling (PNM) approach. In continu
ity with several previous works, the PNM approach is adopted for the
present work. Pore network modeling (PNM) is now a classical
technique to study transport phenomena in porous media. The tech
nique has been applied to drying problems since the early 90s (see,
e g , Ref. 19 and references therein). The first model of this type19 only
took into account the vapor transport by diffusion in the gas phase,
together with the capillary effects. Since then, many effects have been
included in drying PNM, and this is reviewed in Refs. 20 and 21.
However, to the best of our knowledge, all the drying PNM reported
so far have been applied to macroporous porous media characterized
by pore sizes greater than 50nm. The objective of this article is, there
fore, to contribute to the development of a pore network model for the
study of drying in mesoporous materials. As a first step toward the
detailed simulation of drying in mesoporous materials, a PNM taking
into account the Kelvin effect is presented in what follows. The Kelvin
effect refers to the modification of the equilibrium vapor pressure,
Pvequ., due to the curvature of liquid gas interfaces and can be com











Here, Pvs is the saturation vapor pressure corresponding to a flat liquid
vapor interface,Mv is the vapor molecular weight, R is the universal gas
constant, T is the temperature (assumed equal to 293K throughout
the paper), c is the surface tension, h is the contact angle, q‘ is the
liquid density, and r is the radius of curvature of the liquid
gas interface considered as a spherical cap at the entrance of a cylindrical
pore. The relationship expressed in Eq. (1) is classically used for model
ing vapor capillary condensation and analyzing the sorption isotherms.5
As illustrated in Fig. 1 representing RHequ: vs d ¼ 2r for water
and h¼ 0, the Kelvin effect is only important for pore sizes smaller
than 100nm, and more specifically for diameters smaller than about
20 nm. This justifies the consideration of the Kelvin effect for modeling
the drying process in mesoporous materials. For pore diameters larger
than 100nm, the effect becomes gradually negligible and the equilib
rium vapor pressure is nearly equal to the saturation vapor pressure.
However, the lower bound of applicability of the Kelvin relationship in
terms of the pore diameter remains uncertain. A minimum diameter
of 4 nm is often considered (see, for instance, Ref. 22), and accuracy of
Eq. (1) may be questionable below this value. In the remainder of this
work, pore diameters not smaller than 4nm will, hence, be considered
in the simulations.
The development of drying PNM including Kelvin effect perti
nent for material featuring pores in the mesoscopic range of diameters
is proposed in this article, which is organized as follows. The main
assumptions are presented in Sec. II, while the pore network structure
is briefly discussed in Sec. III. The drying PNM algorithm with Kelvin
effect is presented in Sec. IV. Simulations are reported and discussed
in Sec. V. Section VI is dedicated to a summary and conclusion of the
analysis, and some possible future works are presented.
II. MAIN ASSUMPTIONS
Throughout this work, the following assumptions are made
regarding the drying process under consideration:
• the network is non deformable;




(5) The evaporation rate, Fn, at the boundary of each cluster is








where /kj is the evaporation rate through the interfacial bond
connecting any pore body k at the boundary within the cluster
(this can be a L, PI, or IF pore body) to a gas saturated pore
body j outside the cluster (i.e., a CI or G pore body). The
expression of /kj is detailed later [see Eqs. (4) and (8)].
(6) The time, tn , needed to fully evaporate the liquid volume, Vsn, is
computed for each cluster as tn ¼ q‘Vsn=Fn.
(7) The pore body or throat identified in step (2) for which the cor
responding invading time is minimum, tcmin ¼ minðtnÞ, is fully
invaded.
(8) The total elapsed time is computed as t ¼ t þ tcmin.
(9) The phase distribution in the network is updated, including the
partial drainage/evaporation of the liquid contained in the other
elements (throats or PI pore bodies) identified in step 2, so that
Vsnðt þ tcminÞ ¼ VsnðtÞ Fnq‘ tcmin.
Compared to the algorithm for capillary porous media,19 two
modifications are introduced. The first one is straightforward and
is related to the modeling of the vapor diffusion transport in small
pores while considering the Knudsen diffusion. The second one is
more important and is directly related to the consideration of the
Kelvin effect. To begin with, modeling of the vapor diffusion trans
port shall be detailed.
The classical assumption to model diffusive transport of vapor in
the gas phase is to make use of the quasi steady assumption. This is
based on the observation that the characteristic time of drying, i.e., the
time needed to reach the final liquid distribution in the network, is
large compared to the characteristic time of diffusion at the pore scale.
The mass rate between pore body i and pore body j fully occupied by
the gas phase (pore bodies G or CI) through the bond connecting










Here, Pv is the vapor partial pressure and Deff is computed according








where Dv is the vapor molecular diffusion coefficient and DKnu is the
Knudsen diffusion coefficient. The Knudsen diffusion is considered
here because the pore diameters are not large compared to the gas









A linear system of equations is obtained by expressing the mass




/ij ¼ 0; (7)
where index j refers to the neighbor pore bodies connected to pore
body i by a gaseous bond. The resulting linear system is solved numer
ically to obtain the partial pressure at each gaseous or partially gaseous
node of the network. However, to do so, boundary conditions must be
specified, and this is performed as follows. Let us assume that the
radius of curvature of each meniscus is known. The method for its
determination is a crucial new feature of the present PNM, and the
way to compute it is described right after.
When pore body i is of PI type, the vapor partial pressure is
specified in this pore body from the Kelvin relationship [Eq. (1)] using
the radius of curvature of the meniscus present in this pore body.
Thus, the vapor partial pressure in such pore body is not obtained
from the solution of the linear system but is specified as a (Dirichlet)
boundary condition.
When pore body i is of CI type, the evaporation rate at a menis
cus located at the entrance of an adjacent liquid throat (connecting











The vapor partial pressure Pvequ:j at the meniscus under consideration
is determined from the Kelvin relationship using the radius of curva
ture of that meniscus. In Eq. (8), dpi=2 corresponds to the distance
between the meniscus and the pore body center, whereas Deff is com
puted by replacing dtij by dpi in Eq. (6).
The last step to form the linear system allowing the computa
tion of the vapor partial pressure in each gaseous node of the net
work is to specify the boundary conditions at the surfaces limiting
the porous domain. A zero flux condition is imposed on the
impervious surfaces, i.e., at the network lateral and bottom surfa
ces for the simulations carried out in this work. Then, the bound
ary conditions at the open surface, i.e., the surface through which
the vapor can exit the porous medium, also need to be specified.
In the present case, only the network top surface is open. To cou
ple the network with the external gas, vapor partial pressure com
putational nodes are added on top of the network as sketched in
Fig. 2. As indicated in this figure, the vapor partial pressure is
imposed (Pv ¼ Pv1) at a distance d from the network surface.
This condition on the relative humidity is denoted as RH1 ¼ Pv1Pvs
in the following. In the layer of size L within d, the mass flux










The vertical flux between a node in the upper row of nodes within the













For the nodes located at the interface between the network and the









varying between a few nanometers and 50nm. The model also takes
into account the rarefaction effects on the vapor diffusion process with
the consideration of Knudsen diffusion together with the usual molec
ular diffusion.
The drying PNM algorithm with Kelvin effect is noticeably more
complicated than the drying PNM algorithm for capillary porous
media for which the Kelvin effect can be ignored. The main point is to
determine the curvature of the menisci at the boundary of the liq
uid clusters forming during the drying process. In the quasi static
limit considered in this work, the meniscus curvature is uniform at
the boundary of a given cluster but can vary from one cluster to
the other. The meniscus curvature for each cluster is determined
through an iterative procedure using Kelvin relationship, so that
the net mass transfer rate from each liquid cluster in the network is
zero (evaporation at some regions of the cluster boundary is
exactly balanced by condensation in the complementary regions of
the cluster boundary) or greater than zero (due to net evaporation)
at each step of the drying process.
Simulations were performed so as to illustrate the impact of the
Kelvin effect. It was shown that this effect has an impact on the drying
pattern, i.e , the liquid distribution in the network, compared to the sit
uation where the Kelvin effect is neglected. The liquid distribution
tends to be spatially more uniform compared to the situation with
negligible Kelvin effect, with the presence of many isolated small clus
ter for which evaporation is not possible.
Depending on the pore size distribution (more exactly, the
throat size distribution) and the relative humidity in the external
gas phase, three main situations can be distinguished: no drying,
partial drying, and full drying. Partial drying is obtained when the
relative humidity in the gas phase external to the medium is
smaller than the equilibrium vapor pressure corresponding to the
largest throats in the network but larger than the equilibrium vapor
pressure corresponding to the smallest throats in the network. Full
drying is obtained when the relative humidity in the external gas
phase is smaller than the equilibrium vapor pressure correspond
ing to the smallest throats in the network, whereas no drying
occurs when the relative humidity in the external gas phase is
larger than the equilibrium vapor pressure corresponding to the
largest throats in the network.
When drying is partial, the saturation is non zero in the sample
at the end of drying process. An interesting question is whether this
saturation is directly given by the desorption isotherm. Our simula
tions indicate that this is, indeed, the case in the purely capillary limit
considered in this article. In the presence of significant viscous effects,
it is expected that the final saturation be different from the one given
by the desorption isotherm. More precisely, it is expected that the
greater the viscous effects, the smaller the final saturation since viscous
effects must allow invading throats that cannot be invaded when capil
lary effects are fully dominant. In this respect, it would be interesting
to extent the present model so as to take into account the viscous
effects by first adapting the algorithm developed in the absence of
Kelvin effect (see, e.g., Ref. 42).
Simulations performed in this work indicate that the evaporation
rate fluctuates with possible local (in time) slight re increase as a result
of menisci curvature variations during the drying process. This feature
is directly related to the Kelvin effect and not observed in PNM simu
lations neglecting the Kelvin effect. One might argue that the
simulations reported in the present analysis were performed on net
works of relatively small size. The question may then arise as to
whether fluctuations will be damped out in larger networks. Exploring
this question is left for a future work.
Simulations reported here also indicate a noticeable NLE effect.
This certainly needs to be confirmed by simulations over much larger
networks so as to consider presumably more adequate averaging vol
umes than the horizontal thin slices considered in the present work
(a somewhat standard view is to consider that an REV is a cubic or
spherical domain of sizes corresponding to at least 10 20 lattice spacing
in each direction). Nevertheless, our results strongly support the idea
that NLE models are more adapted to describe the drying process than
the much more classical local equilibriummodels, not only in the case of
the capillary porous media40 but also for hygroscopic porous materials.
Naturally, the present model relies on several simplifying
assumptions, which deserve to be revisited in future works. In
addition to the already mentioned viscous effects, these include the
possible effect of cavitation,13,17 as well as the possible impact of
the total gas pressure.10 The latter effect is somewhat controver
sial.43 In this regard, PNM simulations could help settle the ques
tion, at least in the case of isothermal drying. Also, the flow in
adsorbed and capillary liquid films (see, e.g., Refs. 6 and 16) has
been neglected. For this reason, the model presented in this article
is only seen as a first step in the development of PNM for the study
of drying in mesoporous materials. However, it is surmised that the
key aspect addressed in this article, i.e., the computation of the
menisci curvature via the Kelvin effect at the boundary of each liq
uid cluster, will also be a key aspect in the presence of significant
film effects.
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